Only a minority of individuals who experience traumatic event(s) subsequently 31 develop post-traumatic stress disorder (PTSD). However, whether differences in 32 vulnerability to PTSD result from predisposition or a consequence of trauma exposure 33 remains unclear. A major challenge in differentiating these possibilities is that clinical 34 studies focus on individuals already exposed to traumatic experiences, and do not take 35 into account pre-trauma conditions. Here using the predator scent model of PTSD in rats 36 and a longitudinal design, we measured pre-trauma brain-wide neural circuit functional 37 connectivity (FC), behavioral and corticosterone responses to trauma exposure, and post-38 trauma anxiety. Individual differences in freezing responses to predator scent exposure 39 correlated with differences in pre-trauma FC in a set of neural circuits, especially in 40 olfactory and stress-related systems, indicating that pre-existing function in these circuits 41 could predispose animals to differential fearful responses to threats. Counterintuitively, 42 rats with the lowest freezing showed more avoidance of the predator scent, a prolonged 43 corticosterone response, and higher anxiety long after exposure. This study provides a 44 comprehensive framework of pre-existing circuit function that determines threat response 45 strategy, which might be directly related to the development of PTSD-like behaviors. 46 47 91 awake rat rsfMRI approach established in our lab [17][18][19][20] . Awake rat rsfMRI avoids 92 confounding factors from anesthetics and permits correlation with behavior 21-23 . We 93 5 found that individual differences in behavior and neural circuit function prior to trauma 94 exposure predicted animals' susceptibility to developing PTSD-like behaviors. This 95 suggests that pre-existing traits such as anterior olfactory nucleus (AON)-amygdala 96 connectivity may be critical for determining individual resilience/susceptibility to 97 developing PTSD. 98 99
Introduction 48
Maladaptive response to trauma may lead to chronic stress disorders like 49 posttraumatic stress disorder (PTSD). While trauma exposure is a feature of PTSD, it is high-freezing animals (t-test, t = 3.37, p = 0.0017), as indicated by the ratio of 162 open/open+close arm time in EPM tests ( Fig. 2c ). There was no statistical difference 163 between high-freezing and control animals, indicating that low-, but not high-freezing 164 animals were susceptible to developing PTSD-like behaviors following exposure to 165 predator scent. In addition, freezing was positively correlated with the EPM score in 166 exposed animals (R 2 = 0.21, p = 0.0002), but not controls (R 2 = 0.01, p = 0.62, Fig. 2d ). 167 These results demonstrate that behavioral responses during trauma exposure can predict 168 long-term maladaptation. Furthermore, in a separate experiment (Supplement Fig. 3 ) low-169 freezing animals were also associated with other types of PTSD-like behaviors including 170 more marble burying behavior (n = 5 each group, two sample t-test, t = 5.47, p = 0.048), 171 less habituation to acoustic startle response (n = 9 each group, two-sample t-test, t = 5.3, 172 p = 0.050) and less pre-pulse inhibition (n = 9 each group, two-sample t-test, t = 5.16, p 173 = 0.037) than high-freezing animals 6 days post predator scent exposure. This provides 174 additional evidence that low-freezers were vulnerable to developing PTSD-like behaviors.
176
Low-freezing animals showed prolonged corticosterone response to predator scent 177 We also measured the corticosterone (CORT) level immediately before predator 178 scent exposure (0 min, baseline) as well as 30 min, 60 min and 120 min after exposure 179 ( Fig. 3 , 15 controls including 9 exposed to air and 6 exposed to lemon scent, as well as 180 24 fox urine exposed animals). Again, we grouped rats according to their freezing time 181 during predator scent exposure with 12 low-freezing and 12 high-freezing animals (we 182 did not use tertiles given a relatively smaller sample size in this experiment). There was a significant difference in CORT level changes over time among groups 184 (Two-way repeated ANOVA, Fgroup × time (6,108) = 2.84, p = 0.023, Fig. 3a ). In particular, 185 control animals showed no significant CORT change across time (One-way repeated 186 ANOVA, Ftime (3,56) = 0.8, p = 0.50). High-freezing animals exhibited a relatively short 187 CORT response, peaking at 30 min and returning to baseline at 60 min (Tukey-Kramer 188 test, 30 min vs 60 min: p = 0.049; 0 min vs 60 min: p = 0.54; 60 min vs 120 min: p = 0.93). 189 The peak amplitude of CORT response at 30 min was comparable between high-and 190 low-freezing animals (Tukey-Kramer test, p = 0.59). However, relative to high-freezing 191 rats, the CORT response in low-freezing animals was prolonged, maintained at a high 192 level at 60 min (Tukey-Kramer test, 30 min vs 60 min: p = 1; 0 min vs 60 min: p = 0.0005) 193 and had a delayed return to baseline at 120 min (Tukey-Kramer test, 60 min vs 120 min: 194 p = 0.0098; 0 min vs 120 min: p = 1). In addition, low freezers' CORT level was 195 significantly higher at 60 min than high freezers (Tukey-Kramer test, p = 0.0039).
196
The total CORT response was quantified by the area-under-the-curve (AUC) of the 197 CORT response curve with the baseline CORT level (i.e. 0 min) being subtracted from 198 each time point. This quantification method took into account both the amplitude and 199 duration of the hormone response. Low freezers showed significantly higher total CORT 200 response than high freezers (t = 5.29, p = 0.031, Fig. 3b ), as well as controls (t = 6.58, p 201 = 0.017, Fig. 3b ). Furthermore, the total CORT response was significantly correlated with 202 freezing time across all fox urine exposed animals (R = 0.433, p = 0.035, n = 24, Fig. 3c ), 203 and was also linked to long-lasting anxiety, evidenced by a significant correlation with the 204 EPM score measured 6 days after exposure across all animals tested (r = 0.36, p = 0.019, 205 n= 39, Fig. 3d ). Taken together, these data demonstrate that low-freezing animals 206 displayed prolonged CORT response to predator scent stress, which was related to long-207 term anxiety.
209
Pre-trauma neural circuit functional connectivity predicted fear responses. 210 In addition to behavioral tests, rsfMRI was performed before trauma exposure to 211 measure preexisting resting-state functional connectivity (RSFC) in neural circuits across 212 the whole brain. Echoing our behavioral data showing difference in freezing during the 213 very beginning of predator scent exposure, RSFC of multiple widespread neural circuits 214 significantly differed between high-and low-freezing animals (false discovery rate (FDR) 215 = 0.01, Supplement Fig. 4a ). These regions/circuits have been implicated in stress 216 responses, processing of emotionally valent stimuli, olfactory function and freezing 217 behavior.
218
To identify the specific neural circuits correlated with the freezing phenotype, we 219 conducted a data-driven correlational analysis for all neural connections (67 regions 220 covering the whole brain, 2211 connections in total) between their RSFC and the 221 cumulative freezing time across all exposed animals ( Fig. 4a , upper triangle). 15 neural 222 circuits exhibited a significant correlation between pre-exposure RSFC and freezing time 223 (p < 0.05, FDR corrected, Fig. 4a , lower triangle). Relative to high-freezing animals, six 224 of these connections showed stronger connectivity, whereas 9 showed lower connectivity 225 in low-freezing animals, suggesting that the pre-trauma connectivity within these circuits 226 might have predictive value for the freezing behavior during exposure. Fig. 4b showed 227 three representative RSFC maps, respectively generated with one region in these 15 228 connections as the seed (i.e. anterior cingulate cortex, AON and parabrachial nucleus). 
232
A closer examination of these 15 circuits revealed a comprehensive network 233 particularly involving the olfactory and stress-related brain areas. Specifically, low-234 freezing animals showed stronger pre-trauma connectivity in two olfactory circuits (i.e.
235
AON-amygdala, and olfactory bulb-auditory cortex), two septal circuits (i.e. lateral septum 236 (LS)-bed nucleus of the stria terminalis (BNST), medial septum (MS)-prelimbic cortex 237 (PL)), and two circuits within the stress system (lateral hypothalamus-cortical amygdala 238 and lateral hypothalamus-amygdala). Stronger connectivity in the two olfactory circuits 239 suggest that odor may exert more influence on the amygdala and cortex in low-freezing 240 animals. Additionally, the LS-BNST projection might underlie stronger predator scent-241 induced stress response in low-freezing animals. In support of this, both the LS and BNST 242 are activated by predator odor 24, 25 , and the BNST is actively involved in sustained fear 243 response to diffuse threat 26 . Stronger functional connectivity within the stress system can 244 also contribute to higher stress response and anxiety in low freezing animals.
245
Conversely, nine neural circuits showed weaker pre-trauma functional connectivity known to involve corticotropin-releasing factor (CRF) neurons, were reported to link stress 264 response to motor output 31 .
265
Taken together, these data indicate that differences in functional connectivity in 266 neural circuits particularly involving the olfactory and stress-related systems might 267 predispose animals to differential stress responses during predator scent exposure, which 268 can be linked to individual difference in subsequent development of PTSD-like behaviors 269 long after trauma exposure.
271
Fear responses and long-term anxiety in fox-urine exposed animals were not due to the 272 novelty of the fox urine scent.
13
To rule out the possibility that differential responses in fox-urine exposed animals 274 resulted from the novelty component of the scent, we repeated the experiment with a 275 lemon scent being used as the control scent in a separate cohort of animals (n=24). 276 Lemon exposed animals showed virtually identical freezing (Supplement Fig. 5a , left, n = 277 6, two-sample t-test, t = 2.0, p = 0.16) and avoidance (distance from the pad, Supplement 278 Fig. 5a , right, two-sample t-test, t = 1.14, p = 0.32) compared to animals exposed to no 279 scent (i.e. air, n = 6), which ruled out the possibility that the novelty nature in the scent 280 affected fear responses during exposure. In contrast, the fox urine exposed group (n = 281 12) maintained a greater mean distance from the cotton pad (one way ANOVA, F(2,23) = 282 11.61, p = 0.0004) than both air (p = 0.012) and lemon (p = 0.0006) exposed animals. In 283 addition, fox urine exposed animals showed a trend of more freezing than non-284 traumatized animals (left, p = 0.056, lemon and air groups combined). Furthermore, 285 consistent with the findings in the main cohort of animals, low-freezing animals exhibited 286 stronger stress response during fox urine exposure and higher anxiety 6 days after 287 exposure. Supplement Fig. 5b showed heat maps of the spatial distribution of time spent 288 in the cage for the air-exposed, lemon-exposed, fox urine-exposed low freezing, and fox 289 urine-exposed high freezing groups, respectively. The air and lemon groups showed no 290 evident bias for either side of the cage, whereas the low-freezing group showed a strong 291 bias toward the far end (from the pad) of the cage. High freezing rats also showed a bias 292 toward the far end of the cage, but to a lesser extent. This result was also confirmed in 293 the spatial distribution of the normalized freezing time for each group (supplement Fig.   294 5c), which displayed virtually no spatial bias in air and lemon groups, but leftward skewed 295 distributions in high and low freezing rats, with an even stronger bias in low-freezing rats. Fig. 5d showed the long-term anxiety measured using EPM performed 6 297 days post exposure in all four groups of animals. Low freezing animals showed a 298 significantly lower EPM score (one way ANOVA, F(2,17) = 4.2, p = 0.033) compared to high 299 freezing animals (p = 0.026). Also consistent with our data in the main cohort of animals, 300 freezing time was positively correlated to the EPM score across all fox-urine exposed 301 animals (r = 0.783, p = 0.0026, Supplement Fig. 5e ), but not in non-traumatized animals 302 (r = 0.213, p = 0.506, Supplement Fig. 5e ). Taken together, these results ruled out the 303 possibility that differential short-term and long-term behavioral responses in fox-urine 304 exposed animals was due to the novel nature of the fox urine scent.
306
Differential fear behavior during exposure and long-term anxiety between low-and high-307 freezing animals were not caused by pre-exposure imaging. 308 To rule out the possibility that differential fear response during predator scent 309 exposure and long-term anxiety between low-versus high-freezing animals indeed 310 resulted from predator scent exposure as oppose to other factors such as the acclimation 311 and/or imaging procedures, we also divided control animals into tertiles based on their 312 cumulative freezing time. No differences in avoidance behaviors including distance to the 313 cotton pad (two-sample t-test, t = 1.22, p = 0.25), the distribution of time spent in the cage 314 (two-way ANOVA, F2,28 = 2.20, p = 0.13, also see Supplement Fig. 6a ), the distribution of 315 freezing time in the cage (repeated measures ANOVA, F2,154 = 0.34, p = 0.98), or long-316 term anxiety level (EPM score, two-sample t-test, t = 0.37, p = 0.72) were observed 317 between low-and high-freezing control animals. In addition, unlike predator scent-318 exposed animals, no neural connections exhibited correlation between pre-exposure 319 15 RSFC and freezing time, and no connection displayed significant RSFC difference 320 between low-and high-freezing control animals (Supplement Fig. 4b ), indicating that 321 these animals showed virtually no difference in neural circuit function. 322 Furthermore, we repeated the fox urine exposure experiment in a separate cohort 323 of animals that were not previously acclimated or imaged (control, n = 20, fox urine 324 exposed, n = 35). Similar differential response during exposure was found in these 325 animals, with lower freezers generally exhibiting more avoidance from the fox urine 326 (Supplement Fig. 6b ). These data suggest that the inherent difference between low and 327 high freezers was not caused by potential differential responsiveness to acclimation. This 328 result was supported by the data showing that all three groups of animals (i.e. low-freezing, 329 high-freezing and control) in the main cohort were acclimated to a similar degree, 330 reflected by their consistent motion levels during imaging (One-way ANOVA, F(2,62) = 1.23, 331 p = 0.3, Supplement Fig.4c ). These findings are also consistent with our previous 332 publications demonstrating that acclimation/imaging does not mask, nor does it interact 333 with the effect of predator stressor 21, 23, 32 . Taken together, these results confirmed that 334 differential fear behaviors and anxiety levels between low-and high-freezing animals 335 were not driven by the acclimation/imaging procedures as all control animals underwent 336 the identical procedures including imaging, except for being exposed to predator scent. Freezing time alone might not be a reliable measure of response to threat. 356 Behavioral response to stress is commonly categorized into fight, flight or freezing.
357
In rodent behavior testing, freezing is dominantly used as the measure of threat reaction. 
378
It has to be noted that lower freezing behavior in low freezers did not reflect a 379 reduced ability to respond to the predator scent. Low-freezing animals exhibited more 380 locomotor activity, measured by distance travelled during exposure (Supplemental Fig. 1,   381 One-way ANOVA, F(2,62) = 8.43, p = 0.001, high freezers vs low-freezers, p = 0.001), and 382 more active avoidance from the fox urine. Furthermore, during exposure there was no 383 difference in mobility among low-, high-freezing and control groups, reflected by the 384 maximal speed (Supplement Fig. 1) , also suggesting that low freezers were not 385 suppressed in their response to the fox scent. Different responses during exposure were 386 also not originated from any systematic bias in these measures among animals, because 387 during the habituation period prior to exposure, the three groups showed no difference in 388 freezing time (Supplement Fig. 2 ) or location distribution. Thus, the difference in freezing 389 to the predator scent likely reflects a difference in the defensive strategy selected. The relationship between the behavioral reaction during stress and vulnerability to 401 stress maladaptation is corroborated by neuroendocrine measures during and following 402 predator scent stress. We observed that in low-freezing (i.e. vulnerable) animals, the 403 CORT response was prolonged and had a delayed return back to baseline after stress, 404 and this pattern of CORT response has been suggested as a marker of maladaptation to 405 stress in PTSD 36, 37 . Correspondingly, in our study, both freezing time and the total CORT 406 response were correlated with the long-term anxiety measure. These data are also 407 consistent with the theory that stress hormone production is an important and protective 408 part of acute stress response triggering negative feedback on CORT production 38,39,41,42 . 409 In fact, it has been shown that supplementing CORT at the time of trauma 44 , or 410 immediately after trauma 45 has protective effects against PTSD symptom development Pre-trauma neural circuit function predisposes animals to differential stress response.
i) Connections between the olfactory and stress systems 417
Our rsfMRI data suggest that sensory inputs play an important role in the stress 418 response and subsequent development of PTSD-like behaviors. AON has been shown 419 to be activated by variable stressors 46 including predator scent 47 . The mitral/tufted (MT) 420 cells in the olfactory bulb send their processes to AON 48 , which projects to amygdala 49 . 421 This connectivity suggests that the flow of olfactory information through the AON to the 422 amygdala could drive the stress response to predator scent. Stronger AON-amygdala 423 connectivity in low-freezing animals suggest that the olfactory cue could have a stronger 424 impact on amygdala activity, which would lead to stronger stress response. Conversely, 425 weaker nLOT-ACC connectivity in low-freezing animals indicates less ACC control during 426 predator scent exposure, which could affect the switching between freezing and active 427 defense modes 50 . These data also agree with the report that the olfactory cortex and its 428 connections with the stress system are tightly linked to stress hormone responses to 429 predator scent in rodents 51 . Taken together, these results highlight the importance of 430 20 sensory input in the stress response during predator scent exposure, which also suggest 431 that weaker sensory drive in the stress system may help promote resilience to trauma.
432
In addition to stronger sensory-stress connectivity, stronger functional connectivity 433 within the stress system was observed in low-freezing animals, consistent with their 434 higher stress response and anxiety. In particular, it is known that threat-induced Our data also suggest that BNST may be involved in the neural network associated 441 with differential stress response during predator scent exposure. BNST, as a part of the 442 extended amygdala, is well known to be involved in sustained anxiety when a threat is 443 diffuse and/or uncertain 26,53 such as predator odor 25 . As a result, this region is particularly 444 associated with anxiety 54-56 . The anatomical connections between BNST and LS and 445 PBn have been well documented 27,57,58 , but the specific function of these projections is 446 less well studied. It has been shown that CGRP in the PBn inhibits neurons of the BNST iii) The hypothalamus-GP circuit 454 Another interesting circuit that is coupled to freezing behavior is the PVN-GP 455 connection. CRF neurons in the PVN hypothalamus, amygdala and BNST send synapses 456 to the external GP 31 , which expresses high levels of the primary CRF receptor (i.e. 457 CRFR1). These connections makes GP an entry point connecting the stress system with 458 the basal ganglia, which links the stress-relevant information to the directed movement 31 .
459
Consistent with this notion, our data suggest that the pre-trauma connectivity in this circuit 460 is directly associated with stress-related behaviors in animals. function. Furthermore, human data also suggest that a dysregulated CORT response is 485 a predictor of vulnerability to subsequent development of PTSD 41, 42, 45, 68 . Taken together, 486 these results provide compelling evidence supporting the relevance of the present study 487 to human PTSD.
488
In summary, our data demonstrate that differences in neural circuit function 489 present before trauma exposure may predispose animals to specific stress responses 490 and long-term PTSD-like behaviors. Future studies that focus on the causal relationship 491 between the baseline neural circuit function and behavioral responses during trauma 492 exposure and long-term outcome in PTSD-like behaviors will be needed to understand 493 pathological susceptibility to PTSD. For instance, it will be of particular interest to test 494 whether optogenetic manipulation of specific pathways based on the rsfMRI data during water were provided ad libitum. A total of 87 rats were used in the present study, in which 503 23 rats were controls and 64 rats were exposed to predator scent using a single-episode 504 predator scent exposure in an inescapable environment paradigm. Two rats were 505 removed from the exposed group before analysis due to health concerns. All rats were 506 used for behavior tests and rsfMRI experiments. All animal procedures were reviewed 507 and approved by the Institutional Animal Care and Use Committee (IACUC) of the 508 Pennsylvania State University. The experimental procedure was summarized in Fig. 1a .
509
Single-episode predator scent exposure 510 Rats were exposed to a single episode of predator scent stress in an inescapable 511 environment for 10 min. The day prior to exposure, each rat was assigned to its own 512 exposure cage (i.e. a Plexiglas cage with no bedding) and habituated to the cage 513 environment for 30 min. The cage was left soiled after habituation. On the exposure day, 514 the rat was placed in its corresponding cage for a total of 12 min. After 2 min of adaptation, 515 a cotton pad sprayed with red fox urine was placed at the right end of the cage for another 516 10 mins (Red fox urine, Wild Life Research Center). The pad was put on a wire mesh 517 inside the cage, right below the lid and out of reach of the rat. The control animal was 518 exposed to the same cotton pad without fox urine. During exposure, the rat was recorded 519 24 by a video camera. Following predator scent exposure, the rat was returned to his home 520 cage and left undisturbed for 6 days. All rats were scanned before the trauma exposure experiment. Before imaging, 551 animals were acclimated to a 'mock' imaging environment for 7 days. This acclimation 552 protocol was employed to diminish the stress and motion of the subject during scans 69 .
553
The rat was first briefly anesthetized with 2-4% isoflurane in oxygen (3-5 min). The head 554 was restrained with a bite bar, nose bar and side pads that restricted the head motion. A 555 pair of shoulder bars and a body tube maintained the body in place without impeding 556 ventilation. Animals were allowed to regain consciousness by discontinuing isoflurane 557 after being set up in the restrainer, typically in 10 mins. The rat was then placed in a dark 558 ventilated box and the sound of different MRI sequences was played, presenting an 559 environment mimicking MRI scanning. All rats were given 7 daily acclimation sessions 560 with a gradually increasing acclimation period (15, 30, 45, 60, 60, 60 and 60 min from day 561 1 to day 7). A similar approach has also been applied by other research groups 70-72 .
562
At least 2 days after acclimation, MRI scans were performed in a 7-Tesla scanner 563 interfaced with the Bruker console system (Bruker, Germany). The rat was first briefly 564
